An electrochemical biosensor is described consisting of a thin-layer gold film electrode prepared by cathodic sputtering using a poly(vinyl chloride) sheet as substrate, with voltammetric behaviour comparable to that of conventional polycrystalline gold electrodes, coated with the hydrolysed copolymer hydroxyethyl methacrylateco-methyl methacrylate onto which glucose oxidase was immobilized. The mechanical properties of the plastic foil substrate permit easy construction of circular-shaped electrodes which were employed as working electrodes for batch injection analysis. The electrochemical biosensor fabrication is inexpensive and can be used as disposable enzyme sensor for the detection of hydrogen peroxide. The biosensor was tested for the determination of glucose in serum and a good correlation was obtained with the measurement using the electrochemical and the spectrophotometric methods.
Introduction
The development of new biosensors is of great interest because of their possible application in different areas (Turner et al. 1987 , Cass 1990 ). Electrochemical biosensors for glucose, either for use in the laboratory or as implantable in humans, have been investigated for a long time but still represent a major challenge (Magner 1998 , Schmidtke & Heller 1998 , Henry 1998 . This is mainly due to the importance of having a reliable and accurate means of directly measuring blood glucose concentrations of diabetic patients, which are around 12% of the world population (Newman & Turner 1994) . One of the most important problems arising from in vivo electrochemical biosensors is the adsorption of biological species on their surfaces. Another important problem concerning biosensors relates to the stability of the biological compound, in this case glucose oxidase, which is dependent on the immobilization method used, as well as on the polymeric matrices to which the biological compound is attached (Gil et al. 1996) . Electrodes, physically modified through adsorption of synthetic polymers, have been used in flow injection analysis for continuous determination of glucose in blood serum samples (Brett et al. 1993) .
A thin-film gold electrode prepared by magnetron sputtering proved to have a voltammetric behaviour comparable to that of conventional polycrystalline gold electrodes, exhibiting the typical regions of oxide formation and reduction in neutral and alkaline solutions (Brett et al. 1997) . Radio frequency magnetron sputtering enables deposition of thin films of metals at controlled rates onto non-conducting substrates without thermal destruction. In this case the deposition temperature was inferior to the glass transition temperature of poly(vinyl chloride). The mechanical properties of the plastic foil substrate permit easy construction of electrodes of any shape. This was demonstrated by preparing circular-shaped electrodes, which could be employed as working electrodes for batch injection analysis (Brett et al. 1996a, b) using a standard voltammetric cell configuration. A special multiplepulse activation and voltammetric scheme was developed for the determination of H 2 O 2 and shown to give more reliable results with gold electrodes than conventional fixed potential amperometry.
An electrochemical biosensor for glucose is described based on this thin-layer film gold-sputtered electrode coated with the hydrolysed copolymer hydroxyethyl methacrylate-co-methyl methacrylate. The glucose oxidase was immobilized onto this copolymer.
Materials and methods

Materials
The H 2 O 2 used was calibrated by titration with kmnO 4 in acid medium. The supporting electrolyte, 0.1 M phosphate buffer pH 7.0, as well as the other solutions were prepared in water from a Millipore Milli Q system. Hydroxyethyl methacrylate and the methyl methacrylate monomers were obtained from Merck. Glucose oxidase (EC1.1.3.4), peroxidase (1.11.1.7), 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide-metho-p-toluene sulfonate (CMC), α-D-glucose and aminoantipirine were from Sigma. Rosin was from BDH. The methyl methacrylate was purified by extraction with a 1% NaOH/NaCl aqueous solution followed by vacuum distillation. The hydroxyethyl methacrylate was used without any purification.
Electrochemical detection
Electrochemical measurements were performed using a Autolab potentiostat/galvanostat with GPES version 3 software, from Eco-Chemie, Utrecht, Netherlands. The reference electrode was a saturated calomel electrode. A multiple pulse procedure for the electrode, consisting of the following sequence of applied potentials: +0.8 V (0.05 s), +0.2 V (0.03 s), +0.475 V (0.05 s) was used. This triple impulse program involves partial oxidation (+0.8 V) and reduction (+0.2 V) of the gold surface whilst preserving the characteristics of the electrode surface. Voltammetric detection of H 2 O 2 was performed at the detection potential of +0.475 V.
Kinetic studies
Kinetic studies of the immobilized enzyme were carried out using the electrochemical detection of hydrogen peroxide. Glucose standard solutions were prepared by dilution of a stock solution prepared in phosphate buffer electrolyte. The stock solution was 100 mM α-D-glucose, in 0.1 M PBS pH 7.0, and was prepared 24 h before use to establish the anomeric equilibrium between the α and β forms of D-glucose; it was kept in the refrigerator and used within a week.
Preparation of the copolymer (hydroxyethyl methacrylate-co-methyl methacrylate)
A mixture of 9 ml methyl methacrylate (MMA) and 1 ml hydroxyethyl methacrylate (HEMA) containing 100 mg benzoyl peroxide (as chemical initiator) and 0.5 ml dibutylphthalate (as plasticizer) was held at 85 • C for 20 min. The viscous solution was precipitated in distilled water, filtered and thoroughly washed with distilled water. The copolymer obtained was dried until constant weight at 40 • C in vacuum in the presence of P 2 O 5 .
Hydrolysis of the copolymer and its characterisation
To obtain carboxylic groups in the prepared copolymer, portions of the copolymer were hydrolysed by reflux in 1 M NaOH for up to 4 h. The carboxylic groups were determined by back titration with 0.05 M HCl. The various hydrolysed copolymers were also characterised by determining their hydrophilicity. For the determination of aqueous solution sorption capacity, various samples (100 mg) were immersed in distilled water (10 ml) at 25 • C for 24 h. The sorption capacity of the various polymers was determined as indicated earlier (Silva et al. 1990 ).
Immobilisation of glucose oxidase (GOx) onto the hydrolysed copolymer membrane
Membranes of the various hydrolysed copolymers were prepared by placing 2 ml of the copolymer solutions onto microscope slides (2 cm × 2 cm). The solvent was evaporated at room temperature. The membranes were removed from the glass by immersion in distilled water. Samples of the membranes (20 mg) were immersed in 0.1 M acetate buffer pH 5.0, containing 2 mg GOx ml −1 and 2 mg CMC ml −1 , for 18 h at 4 • C. The samples were then thoroughly washed with distilled water and with acetate buffer pH 5.0 containing 0.5 M NaCl. The activity of the immobilised enzyme was determined. In order to evaluate if there was adsorbed enzyme, a blank was prepared by using a glucose oxidase solution without previous activation with CMC.
Immobilisation of glucose oxidase (GOx) onto the copolymer coated electrode
From batch assays, 4 h hydrolysis of the copolymer was the most suitable time for the immobilisation of the enzyme. Consequently, the gold electrode was coated with 20 µl of a solution of 0.5% (w/v) copolymer (4 h hydrolysis) in acetone, containing rosin (1% w/v). After evaporation of the solvent, 20 µl GOx solution (4 mg ml −1 ), containing 10 mg CMC ml −1 , in 0.1 M acetate buffer pH 5.0, were deposited on the electrode surface. After 18 h at 4 • C the electrode was thoroughly washed with 0.1 M acetate buffer pH 5.0 containing 0.1 M NaCl, whilst stirring, for 30 min. When not in use the electrodes were stored dry at 4 • C.
Serum sample preparation and analysis
Serum samples were from patients from the Hospital of the University of Coimbra, without any specific disease, showing normal glucose levels. The serum samples were stored at −20 • C. Spectrophotometric determination of glucose was performed using an enzymatic Kit (glucose oxidase/4-aminophenazone/phenol) from Sigma. Precipitation of serum proteins was done by the addition of 10% trichloroacetic acid, (1:1, v/v), to the solution followed by centrifugation at 3500 rpm, for 10 min. Samples were neutralised with KOH. Electrodes were calibrated with glucose standards in the range of normal glucose concentrations in blood, before each determination of glucose in serum samples.
Results and discussion
The electrochemical properties of the thin gold film electrode made by magnetron sputtering, have been studied (Brett et al. 1997) . We concluded that the behaviour of the thin-film gold electrode prepared by magnetron sputtering is comparable to that of conventional polycrystalline gold electrodes, exhibiting the typical regions of oxide formation and reduction in neutral and alkaline solutions. The mechanical properties of the poly(vinyl chloride) foil enable the easy The results obtained for the injection of hydrogen peroxide on top of the thin-film gold-sputtered electrode by batch injection analysis for different H 2 O 2 concentrations, gives a calibration curve with a linear range from 1 × 10 −5 M to 8 × 10 −4 M (regression coefficient = 0.9997, n = 10). The detection limit for H 2 O 2 was 2 × 10 −6 M. The injection peaks shows a thin and well defined shape (data not shown).
To develop a glucose biosensor, GOx was immobilised onto the gold film. In earlier work, we had good results when the enzyme was immobilized onto polyethylene-g.co-hydroxyethyl methacrylate through carboxylic groups (Rocha et al. 1994) . Based on that, a copolymer of methyl methacrylate and hydroxyethyl methacrylate was prepared and used for this purpose. The copolymer leakage from the electrode surface was minimised with the addition of rosin (an adhesive promoter) to the polymer solution. The linkage of the biomolecule to the support was performed through carboxylic groups, after alkaline hydrolysis of the copolymer.
From Table 1 we can observe that the carboxylic groups as well as the hydrophilicity of the membrane increases with the time of hydrolysis and is constant after 3 h of reaction. As expected, the results indicated in Figure 1 show that the glucose oxidase activity increases with the carboxylic groups availability.
Besides the surface of the membrane becomes more hydrophylic which favours the covalent linkage of the biocatalyst as well as the leakage of the adsorbed enzyme. After one week of storage at 4 • C, the GOx immobilized onto the membrane contain- Fig. 1 . Enzymatic activity of GOx on the partially hydrolysed copolymer (hydroxyethyl methacrylate -co-methyl methacrylate). ing 4.65 mmol g −1 of carboxylic groups presents a satisfactory retention of activity (80%). As a consequence the electrode modification, for the biosensor development, was carried out with this membrane. Although the prepared gold electrodes were coated with the hydroxyethyl methacrylate-co-methyl methacrylate membrane, they are still permeable to hydrogen peroxide, as shown in Figure 2 . The variation with time of the activity of glucose oxidase immobilized on the electrode was studied electrochemically (the time was counted from the day of enzyme coupling). All the study was done for different values of pH and ionic strength of the buffer supporting electrolyte. The best results were obtained for pH 7.0 and are those reported here.
Kinetic studies of the immobilized enzyme were carried out using the electrochemical detection of hydrogen peroxide. Glucose standard sample solutions of different concentrations were injected onto the electrode surface containing immobilized enzyme. The electrochemical response to increasing concentrations of the enzyme substrate was plotted (Figure 3) . From the inset Lineweaver-Burk plot, we obtained, for the immobilized GOx, an apparent Michaelis-Menten constant of 33.3 mM, higher than the K M of GOx in solution of 6.8 mM (Kamin & Wilson 1980) . The serum samples analysed were from patients from the Hospital of the University of Coimbra. At the beginning, the determination of glucose in the total serum was very difficult, because several compounds adsorbed strongly to the electrode surface, which decreases the electrode current. Electrodes needed to be cleaned with vigorous stirring for some time. Although serum does not affect GOx activity, the cleaning process and the new calibration is time consuming, so it was decided to precipitate serum proteins by addition of trichloroacetic acid. The calibration curve related to glucose electrochemical datection is presented in Figure 4 .
As can be observed in Table 2 the glucose content of the three serum samples analysed with the electrochemical biosensor, have a good correlation with the measurement obtained by the spectrophotometric method. Fig. 4 . Calibration curve for glucose () and serum samples (×) using the electrochemical biosensor. In conclusion, the proposed electrode (after modification with hydroxyethyl methacrylate -co-methyl methacrylate) has proved to be suitable for the developement of disposable enzyme sensors based on the detection of hydrogen peroxide. Moreover, this biosensor would not be expensive. Based on this knowledge, we are trying to develop a new biosensor suitable for lactate detection .
